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ABSTRACT 

T h i s  research work provides theoretical verification of the diffusion 

limit, the r a t io  maximum surface velocity t o  diffuser exit surface velocity, 

fo r  boundary layer flow w i t h i n  VTOL inlets a t  low. weight flows. 

effect of model scale size on the d i f f u s i o n  limit is  investigated. The 

theoretical diffusion r a t i o  is shown t o  l i e  w i t h i n  the experimental 

values for the scale model inlets. The full-scale inlet  can experience 

a somewhat larger d i f f u s i o n  r a t io  than the scale models and s t i l l  remain 

separation free. 

The 

The application o f  suction boundary-layer control techniques t o  

VTOL engine nacelle inlets is investigated. A theoretical analysis is 

employed to  determine the optimum amount of suction flow and suction 

location to  achieve t..!;t.. angle-of-attack attached flow a t  a severe design 

flow condition of incidence angle free-stream Mach number and t h r o a t  

Mach number. Both 1/3 scale and full-scale model inlets were evaluated 

i n  terms of the suction power coefficient, mean suction velocity and per- 

cent suction mass flow required t o  maintain separation-free flow to  the 

diffuser exit. 

I t  was found t h a t  the suction location should s ta r t  i n  the region 

of maximum surface velocity and extend down stream for about  15% of 

surface distance from the h i g h l i g h t  t o  the diffuser exit. I t  i s  shown 

t h a t  the fu l l  -scale model i n l e t  has improved -suction requirements over those 

Qf the  ! /3  sczle me&! !'n!et 2 t  h n t h  the desi?n p i n t  and nff-design 

po in t s .  
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NOMENCLATURE 

local skin f r ic t ion  coefficient 

specific heat a t  constant pressure, KJ/Kg°K 

suction power coefficient 

diameter, m 

exit  diameter, m 

h i g h l i g h t  diameter, m 

th roa t  diameter, m 

length, m 

local Mach number 

average one-dimensional throat Mach number 

maximum local Mach number 

free-stream Mach number 

suction mass flow percent (ms/mt x 100) 

suction mass flow rate, Kg/s 

inlet mass flow rate, Kg/s 

suction location total  pressure r a t i o  

surface distance from inlet h i g h l i g h t ,  m 

surface distance from inlet  h i g h l i g h t  t o  diffuser exit ,  m 

surface distance from inlet h i g h l i g h t  t o  location of start  
of suction, m 

extent of suction, rn 

total free-stream temperature, O K  

. .  

vel oci t y  , m/s 

diffuser exit velocity, m/s 

maximum surface veloci t y $  m/s 

free-stream velocity, m/s 



'T' 't 

"ms 

'ref 

4 
a 

'ad 

Y 

average throat velocity, m/s 

mean suction velocity, m/s 

reference power, KW 

suction power, KW 

incidence angle, degrees 

adi aba t i c efficiency 

ratio o f  specific heats 
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INTRODUCTION 

Ver t i ca l  takeof f  and landing mul t imiss ion a i r c r a f t  have been o f  

i n t e r e s t  t o  the Navy f o r  a number o f  years. 

i n t e r e s t  i n  VTOL toward the Type A subsonic a i r c r a f t  which i s  capable 

o f  operat ional  missions such as antisubmarine warfare, a i rborne e a r l y  

warning and v e r t i c a l  onboard del ivery.  

ment of technology fo r  t h i s  Navy VTOL a i r c r a f t  i s  concerned w i t h  the 

til t ing-nace l le  l i f t - c r u i s e  fan propulsion systems. 

The Navy has d i rec ted  i t s  

An important p a r t  o f  the develop- 

The i n l e t s  of these nacelles must operate over a wide range o f  

incidence angles , f l i g h t  speeds and t h r o t t l e  se t t ings  dur ing takeof f  and 

landing, as shown i n  Figure 1. 

concerns f o r  the t i l t i n g  l i f t - c r u i s e  fan  because a t  l a rge  incidence angles 

the i n l e t  i n te rna l  f l o w  may separate. The fan-face f low d i s t o r t i o n  due 

t o  separat ion w i l l  cause increased fan  blade s t ress and may cause core- 

compressor s t a l l  . 

The i n l e t  design i s  one o f  the major 

Experimental and theore t ica l  s tud ies (Refs. 1 t o  26) have been con- 

ducted t o  determine the e f f e c t s  o f  geometry and f low condi t ions on the 

performance o f  engine nacel le  i n l e t s  f o r  both v e r t i c a l  takeof f  and landing 

a i r c r a f t  and short-haul a i r c r a f t ,  which w i l l  operate a t  s im i l a r ,  bu t  some- 

what less  d i f f i c u l t  , f low conditions. The experimental performance o f  the 

engine i n l e t s  i s  reported i n  References 1 t o  15. Theoret ical  studies 

using po ten t i a l  f low and boundary l aye r  analysis are presented i n  References 

6, 8, 9 and 16 t o  30. 

Engine i n l e t s  required t o  operate under the  f l i g h t  condi t ions o f  VTOL 

a i  r c r a f  t experi ence i ncreasi ng i nci dence angle and th roa t  Mach number. 
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With these higher surface ve loc i t ies ,  greater amounts o f  decelerat ion 

must occur on the i n l e t  surface between the maximum v e l o c i t y  l oca t i on  

and the d i f fuser  e x i t .  

f low separation may develop (Ref. 20). 

If the amount of f low decelerat ion i s  too great, 

To a i d  i n  the analysis of a given surface v e l o c i t y  d i s t r i b u t i o n  f o r  

the possibi  1 i ty of flow separation, Reference 20 recomnends nondimension- 

a l i z i n g  the l o c a l  surface ve loc i t y  by the maximum v e l o c i t y  ( l o c a l  v e l o c i t y  

r a t i o ) .  

r a t i o  d i s t r i b u t i o n  over the  flow surface have the same f low separat ion 

charac ter is t i cs .  When the l o c a l  ve loc i t y  r a t i o  goes below a c e r t a i n  value 

(dependent upon condi t ions p r i o r  t o  d i f f u s i o n )  separat ion i s  indicated. 

Flow condi t ions r e s u l t i n g  i n  the same dimensionless l o c a l  v e l o c i t y  

I n  Reference 21 the concept o f  Reference 20 i s  appl ied i n  a s l i g h t l y  

d i f f e r e n t  manner. Maintaining attached f low throughout the i n l e t ,  i .e. t o  

the d i f f u s e r  e x i t ,  i s  considered to  be the design requirement. Therefore, 

the s u r f  ace ve l  o c i  ti es are nondimens i onal i zed by the d i f f u s e r  ex i  t s u r f  ace 

ve loc i t y .  Then, i f  the r a t i o  o f  maximum v e l o c i t y  t o  d i f f u s e r  e x i t  velo- 

c i t y  (i.e. the d i f f us ion  r a t i o )  exceeds a c e r t a i n  value, separat ion i s  

indicated. 

Even though engine i n l e t s  proposed f o r  VTOL appl icat ions operate 

a t  subsonic th roa t  Mach numbers, the Mach number on the i n l e t  i n t e r n a l  

surface may become l o c a l l y  supersonic and reach Mach numbers as high as 

2.0. Based on STOL experimental data, Reference 1 suggests t h a t  these 

supersonic condi t ions s t rong ly  i n f l  uence the boundary 1 ayer separat ion 

process through shock/boundary layer  in te rac t ion .  

peak Mach number, should be useful f o r  p red ic t i ng  boundary l a y e r  separation. 

The two parameters, d i f f u s i o n  r a t i o  and peak Mach number, were used through- 

out  References 21, 22 and 26 as the separation parameters f o r  i n l e t  

anal ys i s . 

Thus, another parameter, 
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Rather than performing theoret ica l  boundary 1 ayer ca l  cu l  a t ions t o  

determine the values o f  d i f f u s i o n  r a t i o  and peak Mach number a t  which the 

f l o w  separates f o r  various i n l e t  geometries and f low condit ions, 

Reference 21 used experimental data f r o m  the tes ts  reported i n  Reference 

2 t o  determine the l i m i t i n g  values o f  the separation parameters. The 

r e s u l t s  o f  t h i s  technique are sumnarized i n  the fo l low ing  paragraphs. 

The experimental f l o w  separation data f o r  the i n l e t s  o f  Reference 2 

are i l l u s t r a t e d  i n  Figure 2. These data were obtained by s e t t i n g  the 

f r e e  stream Mach and the th roa t  Mach number ( i n l e t  mass f low)  and then 

increasing the i n l e t  incidence angle t o  the p o i n t  o f  observed l i p  separa- 

t ion .  The values of d i f f u s i o n  r a t i o  and peak Mach number p l o t t e d  on 

Figure 2 are obtained a t  the incidence angle immediately before the f low 

separated. These angles (not  indicated on the f i gu re )  depend upon the 

f low condi t ions and may d i f f e r  f rom p o i n t  t o  point .  

Each data p o i n t  on Figure 2 i s  a separation l i m i t  f o r  i t s  f low 

condi t ion.  

M+Mo up t o  a l i m i t .  These peak Mach number l i m i t s  form a band i n  the 

range o f  1.4 t o  1.6. Points l y i n g  outside t h i s  band are d i f f u s i o n  l i m i t e d  

(Fig. 2(b)) .  These d i f f u s i o n  l i m i t s  increase somewhat w i t h  increasing 

M,./Mo but  s t i l l  l i e  i n  a band i n  the range 2.4 t o  2.9. Here, the data 

po ints  t h a t  f e l l  outs ide the peak Mach number l i m i t  band f a l l  w i t h i n  the 

d i f f u s i o n  1 i m i  t band. 

I n  Figure 2(a) peak Mach number curves increase w i t h  increasing 

I n  summary, a t  lower th roa t  Mach numbers the separat ion-free f low 

appears t o  be d i f f u s i o n  r a t i o  l i m i t e d  and a t  higher th roa t  Mach numbers, 

the separation-free f low appears t o  be peak Mach number l im i ted .  

A major problem i n  the development o f  the t i l t - n a c e l l e  propuls ion 

system i s  the pred ic t ion  o f  the performance charac ter is t i cs  o f  the i n l e t  
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and how these characteristics are affected by scale model size. References 

9 and 25 have experimentally attacked the boundary -layer separation problem 

for both 1/3 scale and full-scale models fo r  a proposed VTOL tilt-nacelle 

inlet. So f a r  no satisfactory explanation has been found t o  explain the 

scale effect of aerodynamic performance characteristics of  these inlets. 

The studies referenced previously have dealt w i t h  the low-speed 

operational requirements of V/STOL inlets w i t h o u t  us ing  boundary layer 

control w i t h i n  the inlet. To improve the engine nacelle inlet performance 

by means other than geometrical considerations, several investigations 

have considered the use of some means of boundary-layer control w i t h i n  the 

engine nacell e inlet. 

for the concept of sel f-pumpi ng boundary- 1 ayer control where a portion of 

the flow is removed from h i g h  pressure regions of the flow and reinjected 

in to  lower pressure regions on the inlet  internal surface. T h i s  system 

was demonstrated to work and avoids the need for  external source of power 

for the pumping process. 

methods employed by many investigators fo r  boundary-1 ayer control over 

aerodynamic surfaces. 

layer control by blowing near the t h r o a t  of the inlet. These results 

show marked improvement i n  the angle-of-attack performance of the inlet 

as compared t o  the same inlet w i t h  boundary-layer control. 

of active boundary-layer control i n  the design of opt imum subsonic, h igh -  

angle-of-attack nacelles is  presented by Luidens (Refs. 27 and 28). The 

concepts of employing boundary -layer control for VTOL aircraft discussed 

here included suction, blowing and self-pumping. 

control techniques may provide a means of opt imiz ing  the operational 

range of  a ti  1 ti ng-nacel le  VTOL engi ne. 

Experimental resul ts are presented i n  Reference 7 

. 
References 18, 19 and 20 review analytical 

References 14 and 15 have achieved active boundary- 

The application 

These boundary-layer 
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This repor t  presents the resu l ts  of a two-part theore t ica l  i nves t i -  

F i r s t ,  gat ion o f  the boundary-layer flow w i t h i n  V/STOL engine i n l e t s .  

the theore t ica l  separation bounds and the theore t ica l  d i f f u s i o n  1 i m i t  are 

determined f o r  a 1.46 contract ion r a t i o  V/STOL i n l e t .  Second, the e f f e c t s  

o f  boundary-layer contro l  by suction i n  the same V/STOL i n l e t  i s  studied. 

Results are presented t o  show the e f f e c t  of l oca t i on  and ax ia l  extent  o f  

the suct ion opening on the required suct ion power t o  maintain separation- 

f ree  f low a t  one design operating condi t ion and several off-design 

condit ions. 

5 
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SEPARATION LIMITS 

Method o f  Analysis 

The f i r s t  p a r t  o f  t h i s  study addresses the continued app l i ca t i on  o f  

the NASA Lewis Subsonic I n l e t  Boundary-Layer Program (Ref. 29 and 30) t o  

VTOL i n l e t  design. The i n l e t  selected f o r  study i s  shown i n  Figure 3.  

The nomenclature used and the p r inc ipa l  i n l  e t  geometri c v a r i  ab1 es are 

i l l u s t r a t e d  here and a more deta i led desc r ip t i on  i s  given i n  Reference 2. 

The theo re t i ca l  po ten t i a l  f l o w  and boundary-layer c a l c u l a t i o n  f o r  

the i n l e t  a t  the various operating condi t ions was obtained using the 

c a l c u l a t i o n  procedures f o r  engine i n l e t s  presented i n  Reference 29. The 

basic elements o f  the computer program system are (1)  a program f o r  

geometry d e f i n i t i o n ;  (2) an incompressible po ten t i a l - f l ow  ca l cu la t i on  

program; (3 )  a program t o  combine basic po ten t i a l - f l ow  so lut ions i n t o  

so lut ions o f  i n t e r e s t  (having speci f ied values o f  free-stream ve loc i t y ,  

incidence angle, and i n t e r n a l  mass f l ow)  and a lso t o  co r rec t  the r e s u l t s  

f o r  compress ib i l i ty  e f f e c t s  and local  supersonic Mach number e f fec ts ;  

and, (4) ca lcu lat ions o f  boundary-layer using the surface Mach number 

d i s t r i b u t i o n  o f  step ( 3 ) .  

The boundary-layer ca lcu lat ion technique i s  t h a t  given by Reference 30. 

There a ca l cu la t i on  method i s  described f o r  the numerical s o l u t i o n  o f  t he  

two-dimensional boundary-1 ayer equations. Calculat ions may be performed 

w i t h  laminar and tu rbu len t  f low inc lud ing t r a n s i t i o n  f o r  a r b i t r a r y  Reynolds 

number and f ree-s tream vel  oc i  t y  d i  s tri bu ti on on p l  anar o r  ax i  symmetric 

bodies w i t h  t ranspi ra t ion.  The boundary-1 ayer program calcu lates boundary- 

i aye r  p r o f i l e s ,  aispiacement thickness, s i r in  frlciiun coefficient Cf, etc.  

a t  each s t a t i o n  along the body s t a r t i n g  from the stagnation point .  In t h i s  
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study t r a n s i t i o n  i s  forced t o  f u l l y  tu rbu len t  f low a t  the maximum surface 

v e l o c i t y  i f  the program has no t  predicted t r a n s i t i o n  t o  tu rbu len t  f low 

a t  t h i s  po int .  

There are some shortcomings o f  t h i s  computational method. 

the f l ow  about an i n l e t  a t  non-zero incidence angle i s  t r u l y  three- 

dimensional , thus the axisymnetric f low assumption neglects any secondary 

f low about the i n l e t .  

incidence angles, free-stream ve loc i t i es  and t h r o a t  Mach number ( i n l e t  

mass f low)  the  i n l e t  surface may experience regions o f  l oca l  supersonic 

flow. Thus, i t  may be necessary t o  account f o r  possible shock-boundary- 

l aye r  i n t e r a c t i o n  i n  the boundary-layer ca lcu la t ions  which the cur ren t  

ca l cu la t i on  method cannot do. Also, the t r a n s i t i o n  model does no t  account 

f o r  separat ion bubbles t h a t  appear i n  some o f  the experimental data. 

However, comparisons o f  resul  ts from t h i s  ana ly t i ca l  method show good 

agreement w i t h  the separation bounds predic ted by experimental data 

(Refs. 5 and 8). 

F i r s t ,  

Second, f o r  many cases o f  i n t e r e s t  having var ious 

RESULTS AND DISCUSSION 

Theoret ical  boundary-layer ca lcu lat ions us ing the above procedures 

were performed t o  determine the values o f  the  d i f f u s i o n  r a t i o  and peak 

Mach number a t  which the f low separates f o r  the i n l e t  shown i n  Figure 3. 

These ca lcu la t ions  were made f o r  1/5 scale, 1/3 scale and f u l l - s c a l e  

models ( f o r  f u l l - sca le ,  De = 152.4 cm) a t  two values o f  free-stream Mach 

number and a range o f  values of th roa t  Mach number and i n l e t  incidence 

angle. Theoret ical  separation bounds are presented and the separat ion 

parameters, the d i f f u s i o n  r a t i o ,  Vmnv/VdP, and peak Mach number, M,,,, 

are compared t o  the experimental separat ion l i m i t s .  All f low r e s u l t s  

are shown f o r  the windward (see Fig.  3 )  s ide o f  the i n l e t  s ince the  

...-,. -- 
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most severe f low condi t ions occur a t  t h i s  pos i t ion.  

Figure 4 i l l u s t r a t e s  the method used t o  determine the separation 

boundary f o r  the  three 1.46 contract ion r a t i o  medel i n l e t s .  This f i g u r e  

presents the e f f e c t  o f  incidence angle on the surface Mach number and 

l o c a l  s k i n  f r i c t i o n  c o e f f i c i e n t  a t  a free-stream Mach number o f  0.18 

and a t h r o a t  Mach number of 0.27 f o r  the 1/3 scale model i n l e t .  Figure 4(a) 

gives the surface Mach number d i s t r i b u t i o n  f o r  these conditions. As the 

incidence angle i s  increased, f r o m  35' t o  65O, the peak surface Mach number 

increases and moves from an in te rna l  l i p  l oca t i on  t o  a l oca t i on  j u s t  out- 

s ide  the  h i g h l i g h t  on the external l i p .  Figure 4(b) gives the l o c a l  s k i n  

f r i c t i o n  c o e f f i c i e n t  as a funct ion o f  'dimensionless 

from the h i g h l i g h t  a t  these same f low conditions. 

incidence angle o f  35' i l l u s t r a t e s  attached f low t o  the d i f f u s e r  e x i t  wh i l e  

the curves f o r  50' and 65' are examples o f  d i f f u s e r  separat ion and ind i ca te  

the movement o f  the separation loca t ion  from the d i f f u s e r  e x i t  toward the  

l i p  section. 

a t r a n s i t i o n  from laminar t o  tu rbu len t  f low. 

the peak surface Mach number occurs a t  a dimensionless surface l oca t i on  

of 0.035 and the  f low undergoes t r a n s i t i o n  from laminar t o  tu rbu len t  f low 

and the f low remains attached t o  the d i f f u s e r  e x i t .  

of 50' and 65O, the peak Mach number occurs j u s t  outs ide the h i g h l i g h t  

and the boundary-layer ca lcu lat ions were forced t o  t r a n s i t i o n  t o  tu rbu len t  

f low a t  t h i s  po int .  A t  50' incidence angle the separation p o i n t  i s  a t  

a dimensionless distance of 0.278 and a t  65' the l oca t i on  has moved t o  a 

dimensionless distance of 0.207 which i s  a lso  the  t h r o a t  l oca t i on  f o r  

t h i s  i n l e t .  

surface distance 

Here, the curve f o r  

On Figure 4(b), the s k i n  f r i c t i o n  c o e f f i c i e n t  curves show 

A t  incidence angle o f  35' 

A t  incidence angles 
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These ca lcu lat ions can be repeated t o  determine the incidence angle 

f o r  the onset o f  d i f f use r  separation a t  a given free-stream Mach number and 

t h r o a t  Mach number. By varying the t h r o a t  Mach numbers a t  f i x e d  free- 

stream Mach numbers, the separation bounds f o r  the three-scale model i n l e t s  

can be determined. The r e s u l t s  of these ca lcu lat ions are shown i n  Figure 5. 

Figures 5(a) and 5(b) g ive the separation boundary f o r  the 0.12 and 0.18 

free-stream Mach numbers, respectively. These r e s u l t s  i l l u s t r a t e  the 

e f f e c t  o f  model scale o r  Reynolds number on the theo re t i ca l  separation 

boundary. A t  both o f  the free-stream Mach numbers investigated, the f u l l -  

scale i n l e t  demonstrated a wider separation f r e e  operating range than the 

1/5 o r  1/3 scale model i n l e t s .  The 1/3 scale model i n l e t  shows a wider 

separation f r e e  operation range than the 1/5 scale model i n l e t  a t  the f ree-  

stream Mach number o f  0.12; however, a t  0.18 free-stream Mach number the 

separation boundary i s  e s s e n t i a l l y  the same f o r  these two scale models. 

The theo re t i ca l  d i f f u s i o n  r a t i o  and peak Mach number separation 

r e s u l t s  f o r  these i n l e t s  are i l l u s t r a t e d  i n  Figure 6. The values o f  the 

v e l o c i t y  d i f f u s i o n  r a t i o ,  Vmax/Vde, and peak Mach number, 

on Figure 6 were obtained a t  the incidence angle f low condi t ions o f  

Figure 5. The regions above the i nd i v idua l  curves o f  Figure 6 represent 

separated flow and the regions below each curve are f o r  attached flow. 

p l o t t e d  

Figure 6(a) shows t h a t  as the average t h r o a t  Mach number (conse- 

quently T/Mo f o r  f ixed Mo) i s  increased, the peak Mach number increases 

t o  some maximum value; only f o r  the 1/5 scale model i n l e t  a t  0.12 free- 

stream Mach number has the peak Mach number reached a maximum value f o r  

the f l o w  condi t ions invest igated. The other  scale model i n l e t s  f o r  these 

f low condi t ions (except the f u l l - s c a l e  a t  0.18 free-stream Mach number) 

appear t o  be approaching t h e i r  maximum peak Mach numbers. Included on 
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Figure 6(a) i s  the experimental separation boundary from Reference 21. 

Good c o r r e l a t i o n  between the experimental and theo re t i ca l  peak Mach number 

l i m i t  i s  exhib i ted f o r  the 1/5 scale model i n l e t .  

Figure 6(b) shows t h a t  as throat  Mach number (consequently T/Mo f o r  

f i x e d  Mo) i s  decreased from i t s  maximum value f o r  each curve, the d i f f u s i o n  

r a t i o  increases up t o  a p o i n t  and then decreases a t  lower t h r o a t  Mach 

numbers. This behavior establ ishes the theo re t i ca l  upper 1 i m i  t on the 

d i f f u s i o n  r a t i o  above which the f low separates a t  the lower t h r o a t  Mach 

numbers. 

Reference 21. 

d i f f u s i o n  r a t i o s  which l i e  w i t h i n  the experimental range o f  the 1/5 scale 

Included on Figure 6(b) i s  the experimental d i f f u s i o n  l i m i t  from 

Both the 1/5 and 1/3 scale model i n l e t s  have theo re t i ca l  

model i n l e t  o f  2.4 t o  2.9. The fu l l -sca le model i n l e t  has a l a r g e r  value 

f o r  t he  theo re t i ca l  d i f f u s i o n  r a t i o  than the smaller scale model i n l e t s  

and the value i s  i n  the range o f  2.8 t o  3.3  f o r  t h i s  i n l e t  geometry. 

I n  sumary, a t  lower t h r o a t  Mach numbers, the boundary-layer f low 

i n  scale model VTOL engine i n l e t s  i s  d i f f u s i o n  l i m i t e d  w i t h  the theo re t i ca l  

l i m i t  range being approximately equal t o  t h a t  predicted by the experi- 

mental data. The f u l l - s c a l e  i n l e t  e x h i b i t s  a somewhat higher value o f  

the di f fusion l i m i t  due t o  scale o r  Reynolds number e f fec ts .  

BOUNDARY-LAYER CONTROL BY SUCTION 

Method o f  Solut ion 

The second p a r t  o f  t h i s  study invest igates the opt ion o f  a c t i v e  

boundary-layer contro l  by suction as a means t o  provide attached f low t o  

the d i f f u s e r  e x i t  o r  fan o f  t i l t i n g - n a c e l l e  VTOL engine i n l e t s .  

e f f e c t s  o f  boundary-layer control  by suct ion i n  the VTOL i n l e t  studied 

here w i l l  be l i m i t e d  t o  the low throat  Mach number (low weight f low) ,  

d i f fus ion l i m i t e d  separation region. The e f f o r t  i s  d i rec ted  t o  determining 

The 
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the dependence of boundary-layer control  by suct ion on incidence angle, 

t h r o a t  Mach number and free-stream v e l o c i t y  f o r  attached f l ow  t o  the d i f -  

fuser  e x i t .  The goal i s  t o  expand the operation region o f  the i n l e t  as 

shown i n  Figure 5. Here the theoret ica l  separation boundary f o r  the 1.46- 

contraction-rat io-model-scale and f u l l - s c a l e  i n l e t  i s  shown. The region 

below t h i s  boundary represents attached f low condit ions. This i n v e s t i -  

gat ion w i l l  be l i m i t e d  t o  the 1/3 scale model and f u l l - s c a l e  i n l e t s  as 

shown i n  Figure 3.  The e f f e c t  o f  suct ion l oca t i on  and suct ion s l o t  

extent  w i l l  be evaluated i n  terms o f  the power, percent o f  t o t a l  i n l e t  

mass f low and mean suct ion t o  average t h r o a t  v e l o c i t y  r a t i o  required 

f o r  attached f l ow  t o  the d i f f u s e r  e x i t .  

Select ion o f  Design Flow Condit ion 

Representative incidence angle, t h r o a t  Mach number ( i n l e t  mass f low)  

and free-stream Mach number dur ing takeo f f  and landing are shown i n  

Figure 1. 
1. 

Sim i la r  data obtained from Reference 11 f o r  a subsonic, VSTOL, 

t i l t - n a c e l l e  a i r c r a f t ,  with and without a j e t  d e f l e c t i o n  vane i n  the 

exhaust j e t ,  were i n te rp re ted  i n  terms o f  parameters p e r t i n e n t  t o  i n l e t  

aerodynamics by Reference 26 and are presented here as Figure 7 ( s o l i d  

1 ines)  . 
f o r  the 1.46-contraction-rat io i n l e t  (dashed l i n e )  from Reference 2. 

These data are compared with the experimental separation bound 

Based on Figure 7, a t y p i c a l l y  severe f l o w  condi t ion ( the  data symbol) 

was selected f o r  analysis. This condi t ion occurred a t  a free-stream Mach 

number o f  0.18, an incidence angle o f  70' and a t h r o a t  Mach number o f  0.27. 

The po ten t i a l  f low surface Mach number d i s t r i b u t i o n  and v a r i a t i o n  i n  

separation l o c a t i o n  f o r  the 1/3 scale model and f u l l - s c a l e  i n l e t s  f o r  f l o w  

condi t ions about the selected deisgn p o i n t  are shown i n  Figures 8, 9 and 

10. Figure 8 gives the surface Mach number d i s t r i b u t i o n  f o r  the design 
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p o i n t  a t  an incidence angle o f  70°, free-stream Mach number o f  0.18 

and th roa t  Mach number of 0.27. This Mach number d i s t r i b u t i o n ,  p l o t t e d  

against  the dimensionless surface distance, i s  v a l i d  f o r  both the 1/3 

sca 

has 

the  

1 i m  

e model and f u l l  scale i n l e t .  Since the f low a t  t h i s  design p o i n t  

a d i f f u s i o n  r a t i o  o f  Vma,/Vde o f  4.8 and a peak Mach number o f  1.15* 

f low f o r  both the 1/3 scale model and f u l l  scale i n l e t  are i n  d i f f u s i o n  

ted  separation region discussed i n  P a r t  I o f  t h i s  repor t .  The sepa- 

r a t i o n  l oca t i on  fo r  the 1/3 scale model i s  a t  a dimensionless surface 

l o c a t i o n  of 0.195, a p o i n t  j u s t  upstream of the  t h r o a t  on the  i n te rna l  

l i p ;  and the separation l oca t i on  f o r  the f u l l  scale i n l e t  i s  a t  a dimen- 

s ion less surface l oca t i on  of 0.222, a p o i n t  j u s t  downstream o f  the  th roa t  

i n  the d i f f u s e r  section. 

Figure 9 sumar izes the  resu l ts  shown on Figure 8 f o r  condi t ions 

about the design point .  On Figure 9(a) the  dimensionless separat ion 

l oca t i on  (determined as the surface l oca t i on  where the l oca l  s k i n  f r i c t i o n  

c o e f f i c i e n t  i s  zero) i s  p l o t t e d  against the  average th roa t  Mach number 

a t  an incidence angle o f  70' and free-stream Mach number o f  0.18 f o r  both 

the 1/3 scale model and f u l l  scale i n l e t s .  As the average t h r o a t  Mach 

number i s  decreased the separation p o i n t  moves from the d i f f u s e r  e x i t ,  

S/Sref o f  1 , toward the h igh l igh t .  The e f fec ts  o f  scale on the separat ion 

l oca t i on  can be observed from t h i s  f i gu re .  The f u l l  scale i n l e t  exh ib i t s  

m r e  delayed separation charac ter is t i cs  than d i d  the 1/3 scale model 

i n l e t .  

the f u l l  scale i n l e t  exh ib i t s  separation charac ter is t i cs  very near t h a t  

o f  the 1/3 scale model i n l e t .  Both i n l e t s  experience separation a t  the 

However, f o r  t h roa t  Mach numbers below the design p o i n t  (9 = 0.27) 

h i g h l i g h t  l oca t i on  f o r  the lowest values o f  the th roa t  Mach number. 

i s  s i m i l a r  t o  the experimental separation charac ter is t i cs  observed by 

Reference 25. 

This 
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Figure 9(b) shows the e f f e c t  o f  increasing incidence angle on the 

separat ion l oca t i on  f o r  the model and f u l l - s c a l e  i n l e t s  a t  an average 

th roa t  Mach number o f  0.27 and a free-stream Mach number o f  0.18. 

the f u l l - s c a l e  i n l e t  has b e t t e r  separation charac ter is t i cs  than the 

model i n l e t  up t o  an incidence angle o f  approximately 70'. 

90' incidence angle the separation l oca t i on  o f  the f u l l - s c a l e  and 1/3 

Here 

From 70' t o  

sca le model i n l e t s  are very nearly equal. 

For completeness a t  t h i s  point, Figure 10 i s  included t o  i l l u s t r a t e  

the e f f e c t  o f  free-stream Mach number o f  0.12 on the separation l o c a t i o n  

f o r  the 1/3 scale model and f u l l - s c a l e  i n l e t s .  On Figure lO(a) is  

p l o t t e d  the separat ion l oca t i on  versus the  average th roa t  Mach number 

a t  an incidence angle o f  70' and the  free-stream Mach number o f  0.12. 

As the  average th roa t  Mach number i s  decreased the separation p o i n t  

moves from the d i f f u s e r  e x i t  toward the h igh l i gh t .  

s i m i l a r  t o  those discussed f o r  Figure 9(a); however, the separat ion 

l o c a t i o n  does no t  progress t o  the h i g h l i g h t  f o r  e i t h e r  o f  the i n l e t s  

as i n  the free-stream Mach number o f  0.18 case. 

These r e s u l t s  are 

Figure 10(b) shows 

w i t h  increasing incidence angle. the v a r i a t i o n  o f  the separation loca t ion  

Here, as i n  Figure 9(b), the f u l l - s c a l e  

a t i  on charac ter is t i cs  over the 1 /3 scal e 

i l l u s t r a t e  t h a t  a t  an incidence angle o f  

n l  e t  exhi b i t s  improved separ- 

model i n l e t .  Figures 9 and 10 

70' and average th roa t  Mach 

number o f  0.27, the free-stream Mach number o f  0.18 gives a more severe 

operat ion cond i t ion  than a free-stream Mach number o f  0.12. 

Suction Power 

A VTOL engine i n l e t  suct ion boundary-layer contro l  system i s  shown 
_. 

i n  Flgure 11. 

qu i red t o  pump the suct ion a i r .  

ine f igure  shows tiit: ~ u ~ t < ~ i i  sui-face aiid the puzp rc=  

It i s  assumed t h a t  the suct ion pump 
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restores the total head of the suction a i r  t o  t h a t  of the free-stream, 

discharging i t  with a velocity equal t o  the free-stream velocity. 

The inlet flow begins a t  the  stagnation point, f i rs t  accelerates 

to  the maximum velocity, then diffuses and proceeds t o  the suction 

location. The suction location must begin a t  least a t  o r  p r i o r  t o  the 

boundary-layer separation location for the flow condition. 

selected design p o i n t  the separation p o i n t  as determined from Figure 9 

i s  a t  S/Sref = 0.195 for the model scale and 0.222 fo r  the full-scale 

inlet. 

from the highlight location to S/Sref of 0.184 for  the scale model and 

i s  0.20 for the full scale-inlet. The extent of the suction,ASs/Sref, 

varied from 0.05 t o  0.30. The suction extent i s  assumed t o  extend 60" 

either side o f  the windward plane. 

For the 

T h u s ,  for  the design po in t ,  the suction location, Ss, is varied 

The suction power required t o  maintain attached flow t o  the fan 

location is dependent upon not only the inlet flow conditions b u t  also 

the suction location, extent and mean suction velocity. The suction 

power required by the pump for attached flow t o  the fan location is t h a t  

power needed t o  remove the required mass flow a t  the inlet  surface and 

pump i t  back to  the free-stream total  pressure and i n  the downstream 

direction, resulting i n  no thrust or drag. 

boundary layer i s  removed through an ideal porous material covering the 

suction slot ,  the plenum chamber s t a t i c  pressure may be assumed to  be 

the same as t h a t  a t  the beginning of the suction location. The suction 

If i t  is assumed t h a t  the 

power may be expressed as 

.I 

F J s = m  s p  c T t O  ( l - ~  ) 
9 - 

' 'ad 



where 

Ws = suction power 

= suction mass flow rate 

= t o  tal f ree-s tream temperature 
mS 

Tt ,o 
c = specific heat P 

R = suction location total pressure r a t io  

%d = adiabatic efficiency 

y = r a t i o  of specific heats 

A suction power coefficient is defined as the r a t io  of the suction 

power t o  a reference power calculated a t  the inlet  th roa t  conditions. 

The reference power, Wref,  i s  given as 

Wref = 5 =p T,,o 
‘ad 

where 9 is the inlet mass flow rate. The suction power coefficient is  

now given as  

or 

. - Y -1 rn 
c = -  S ( 1 - R Y )  w T b F  

Y-1 
2 

- 
c = m ( l - ~ Y ) x l ~  w f  

where mf i s  the suction mass flow t o  inlet mass flow r a t i o  expressed as 

a percent, called the suction mass flow percent. 

Calculation Procedure 

To determine the suction power coefficient t o  maintain attached 

flow t o  the diffuser exit, the following procedure was established a t  

the required g r i d  point representing the inlet surface. A t  each g r i d  

p o i n t  covered by the extent o f  suction distance,&,, extending down- 

stream from the suction location, a constant suction flow Mach number 
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was speci f ied and the free-stream Mach number a t  each g r i d  p o i n t  was ob- 

ta ined from the po ten t i a l  flow solut ion. Then the fo l lowing parameters 

were calculated, suct ion t o t a l  pressure rat ion,  R; the percent o f  t o t a l  

i n l e t  mass f low removed by suct ion c a l l e d  the percent suct ion mass f low, 

mf; the suct ion power coeff ic ient ,  Cw; and the r a t i o  o f  the mean suct ion 

v e l o c i t y  t o  the average t h r o a t  ve loc i t y  ca l  l e d  the mean suct ion v e l o c i t y  

r a t i o ,  Vms/VT. 

The assumption o f  a constant suct ion f l o w  Mach number along the suct ion 

extent  i s  an ideal ized assumption. Since the po ten t i a l  f low surface ve- 

l o c i t y  var ies over the suct ion extent, t h i s  assumption r e s u l t s  i n  a va r iab le  

suct ion t o t a l  pressure r a t i o  along the suct ion extent. Thus, the plenum 

chamber i s  i dea l i zed  t o  be one composed o f  several smaller plenum chambers, 

each having i t s  own pressure rat io ,  suct ion power and f r a c t i o n  o f  t o t a l  

mass passing through it. The suct ion power c o e f f i c i e n t  and percent suct ion 

mass f low reported here are the sums o f  these parameters over the spec i f i ed  

suct ion extent. 

Suction Results and Discussion 

I n  t h i s  sect ion the r e s u l t s  f o r  suct ion boundary-layer contro l  are 

presented f o r  the 1/3 scale model and f u l l - s c a l e  i n l e t  a t  the design f low 

condi t ion and selected of f -design points. The r e s u l t s  are presented as 

p l o t s  o f  the suct ion power coe f f i c i en t ,  mean suct ion v e l o c i t y  r a t i o  and 

percent suct ion mass flow, a l l  as funct ions o f  the suct ion l o c a t i o n  and 

extent. Also, t yp i ca l  s k i n  f r i c t i o n  c o e f f i c i e n t  p l o t s  are included f o r  

discussion. 

l a t i o n s  assumed t h a t  t r a n s i t i o n  t o  t u rbu len t  f l ow  occurred a t  the maximum 

surface vei oc i  ty from the poienti d l  f i  ow sui u t i  on f u r  the P i  GW cuiicii ti  uos. 

As i n  the f i r s t  p a r t  o f  t h i s  repor t ,  the boundary-layer calcu- 

Figure 12 shows the va r ia t i on  o f  the sk in  f r i c t i o n  c o e f f i c i e n t  

along the i n l e t  surface f o r  the 1/3 scale model and f u l l - s c a l e  i n l e t  
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a t  the design f low condi t ion (incidence angle o f  70°, t h r o a t  Mach number 

o f  0.27 and free-stream Mach number o f  0.18) f o r  suct ion s t a r t i n g  a t  the 

h i g h l i g h t  l o c a t i o n  Ss/Sref of 0 and suct ion extending a dimensionless 

distance ASs/Sref of 0.15. These curves were obtained by spec i f i ng  a 

constant suct ion Mach number along the suct ion extent  and then increasing 

t h i s  constant value u n t i l  the boundary l aye r  remains attached t o  the 

d i f f u s e r  e x i t .  

suct ion power c o e f f i c i e n t ,  Cw, mean suct ion v e l o c i t y  r a t i o ,  Vms/VT, and 

percent suct ion mass f low, mf. On Figure 12(a) the p l o t  o f  the l o c a l  sk in  

f r i c t i o n  c o e f f i c i e n t  f o r  the no-suction case indicates separation occurs a t  

= 0.195 f o r  the 1/3 scale model i n l e t  (a lso see Figure 8). As the '/'ref 
suct ion Mach number i s  increased, the s k i n  f r i c t i o n  c o e f f i c i e n t  i s  increased 

i n  the suct ion region t o  a s u f f i c i e n t  l e v e l  such t h a t  dur ing continued d i f -  

fus ion o f  the f low from the end o f  suct ion t o  the fan l o c a t i o n  the boundary 

l aye r  remains attached. The amount o f  suct ion was increased t o  the p o i n t  

t h a t  the sk in  f r i c t i o n  c o e f f i c i e n t  was non-zero along the i n l e t  surface. 

Figure 12(b) presents s i m i l a r  r e s u l t s  f o r  the f u l l - s c a l e  i n l e t  a t  the same 

condi t ions as the 1/3 scale model i n l e t .  A t ten t i on  i s  drawn t o  the f a c t  t h a t  

the suct ion parameters f o r  the f u l l - s c a l e  i n l e t  are reduced (be t te r )  f r o m  

those required f o r  the 1/3 scale i n l e t  t o  maintain separation-free f l ow  t o  

the d i f f u s e r  e x i t .  

Included on the f igures are the calculated values o f  the 

Results s i m i l a r  t o  those i l l u s t r a t e d  i n  Figure 12 were obtained a t  o ther  

combinations o f  suct ion l oca t i on  and suct ion extent. 

suct ion power coe f f i c i en t ,  mean suction v e l o c i t y  and percent suct ion mass 

f low required t o  maintain separation-free f low t o  the d i f f u s e r  e x i t  as a 

funct ion o f  suct ion extent, ASJS,,,, and suct ion locat ion,  Sc/Srmf,  f o r  

the 1/3 scale model and f u l l - s c a l e  i n l e t s  a t  the design f low condi t ion.  

general, the r e s u l t s  shown i n  Figure 13 i nd i ca te  t h a t  f o r  the most e f f e c t i v e  

Figure 13 i s  a p l o t  o f  

4 I C 1  - -. 
I n  
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suction, the suct ion should be arranged w i t h  a suct ion l oca t i on  s t a r t i n g  a t  

the h i g h l i g h t  and extending f o r  a suct ion extent, ASs/Sref o f  0.15. 

the most e f f e c t i v e  suct ion locat ion i s  i n  the region o f  the strong pressure 

r i s e  downstream o f  the maximum ve loc i t y  (see Figure 8). 

Thus, 

The r e s u l t s  shown i n  Figure 13(a) are now discussed i n  some d e t a i l .  

For suct ion locat ions between the high1 igh t ,  Ss/Sref o f  0 and the locat ion,  

Ss/Sref of 0.15 increasing the suction extent  r e s u l t s  i n  a decreasing suct ion 

power coef f ic ient  and the mean suction v e l o c i t y  requi red f o r  attached f low 

t o  the d i f f use r  e x i t .  However, the percent suct ion mass f l ow  required f o r  

attached flow a t  f i r s t  decreases to  a minimum value and then begins t o  in- 

crease as the suct ion ex ten t  increases a t  a f i x e d  suct ion locat ion.  For a 

given suct ion l o c a t i o n  the suction pressure r a t i o  i s  increasing as the suct ion 

extent  increases, thus, the work per u n i t  suct ion mass i s  decreasing and a 

lower suc t i on  v e l o c i t y  i s  required f o r  attached flow. 

extent  increases, the suct ion area increases; t h i s  r e s u l t s  i n  an increase i n  

the t o t a l  mass f low required t o  maintain separation-free flow. 

But as the suct ion 

As the suct ion extent  i s  decreased below 0.15, the suct ion power co- 

e f f i c i e n t  increases dramat ica l ly  f o r  the suct ion locat ion,  Ss/Sref o f  0, 0.5 

and 0.1. This i s  due t o  the suction being concentrated i n  the reg ion o f  

maximum surface v e l o c i t i e s  (see Figure 8) where the suct ion work per u n i t  

suct ion mass i s  increasing due t o  a decreased suct ion pressure r a t i o .  

the mean suct ion v e l o c i t y  and percent suct ion mass f l ow  increase t o  maintain 

attached f low t o  the d i f f u s e r  ex i t .  

using small suct ion extents resul ted i n  suct ion parameters t h a t  exceeded the 

range o f  v a l i d i t y  o f  the boundary-layer program; thus, narrow suct ion extents 

coul d no t  be f u l  l y  evaluated w i t h  the present cal  cu l  a t i o n  techniques. 

For suct ion locat ions o f  0.15 and 0.184, reducing the extent  o f  

Here 

For suct ion locat ions near the h igh l i gh t ,  

suct ion also r e s u l t s  i n  increasing suct ion power c o e f f i c i e n t  a t  the 

minimum suct ion extent f o r  attached f low t o  the d i f f u s e r  e x i t  i s  l ess  
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than t h a t  required a t  the suct ion locat ion,  Ss/Sref, of 0.10. 

mean suct ion v e l o c i t y  increases and the percent suct ion mass f low de- 

creases w i t h  decreasing suct ion extent; however, the ove ra l l  l e v e l s  f o r  

these two parameters are increased over those f o r  the smaller suct ion 

locat ions.  I n  t h i s  region the work per u n i t  suct ion i s  lower because 

o f  the decreased surface v e l o c i t y  and thus, increased suct ion pressure 

r a t j o ;  but, since the suct ion l oca t i on  i s  near the separation point ,  the 

required percent suct ion mass f l o w  i s  increased over t h a t  a t  suct ion 

locat ions nearer the h igh l i gh t .  

Here the 

Figure 13(b) presents resu l t s  s i m i l a r  t o  those o f  Figure 13(a) 

except f o r  the f u l l - s c a l e  i n l e t .  The suct ion parameters f o r  the f u l l -  

scale i n l e t  are reduced ( b e t t e r )  from those required f o r  the 1/3 scale 
inlet t o  maintain separation-free f l ow  t o  the d i f f u s e r  e x i t .  Again, 

the suct ion parameters i n d i c a t e  t h a t  f o r  the f u l l - s c a l e  i n l e t  the most 

e f f e c t i v e  suct ion f o r  minimum power i s  t h a t  which i s  located i n  the 

reg ion o f  strong pressure r i s e  downstream o f  the maximum ve loc i t y .  

The e f f e c t  o f  operation a t  f low condi t ions other than the design 

condi t ion o f  incidence angle o f  70°, free-stream Mach number o f  0.18 

and t h r o a t  Mach number o f  0.27 were invest igated f o r  both the 1/3 scale 

and f u l l - s c a l e  i n l e t s .  

incidence angle a t  free-stream Mach numbers o f  0.18 and 0.12 a t  a suc t i on  

l o c a t i o n  o f  Ss/Sref o f  0.15 and suct ion extent  o f  0.10 and 0.20 f o r  the 

1/3 scale and f u l l - s c a l e  models. Figure 14(a) p l o t s  the r e s u l t  f o r  the 

free-stream Mach number o f  0.18 and Figure 14(b) i s  f o r  the free-stream 

Mach number o f  0.12. I n  both f igures i t  i s  seen t h a t  increased suct ion 

power coef f  i c i  ents are required f o r  i ncreased incidence angl es . 
par ison o f  Figures 14(a) and 14(b) show the e f f e c t  o f  free-stream Mach 

Figure 14 i l l u s t r a t e s  the e f f e c t  o f  increased 

Com- 



number. 

value o f  incidence angle may be at ta ined f o r  a selected suct ion extent. 

For example, a t  a t h r o a t  Mach number o f  0.27, suct ion l oca t i on  o f  0.15 

and suct ion extent  o f  0.20, a suction power c o e f f i c i e n t  o f  l ~ l O - ~  f o r  

the 1/3 scale model i n l e t  would have attached f l ow  up t o  an incidence 

angle o f  50' a t  a free-stream Mach number o f  0.18. While,at a f ree-  

stream Mach number o f  0.12, the same suct ion power c o e f f i c i e n t  would 

al low separation-free f low t o  an incidence angle o f  70'. 

a lso i l l u s t r a t e s  t h a t  lower suction values are required f o r  separation- 

f r e e  f l o w  f o r  the f u l l - s c a l e  i n l e t  as compared t o  the 1/3 scale model 

i n l e t  a t  increased incidence angles f o r  both free-stream Mach numbers. 

For a f i x e d  value of the suct ion power coe f f i c i en t ,  a l a r g e r  

Figure 14 

The effect of t h r o a t  Mach number on the incidence angle as a func t i on  

o f  the suct ion power c o e f f i c i e n t  f o r  separation-free f low f o r  the 1/3 

scale model i n l e t  a t  a suct ion extent o f  0.15, free-stream Mach number 

o f  0.18, and suct ion locat ions o f  0 and 0.1 a t  t h r o a t  Mach numbers o f  

0.27 and 0.4 are shown on Figure 15. 

c i e n t  the incidence angle can be increased f o r  increased t h r o a t  Mach 

number. The near optimum suction placement o f  the suct ion locat5on, 

's/'ref 9 o f  0 and suct ion extent,ASs/Sref, o f  0.15 i s  also i l l u s t r a t e d .  

For a f i x e d  value o f  the suct ion power c o e f f i c i e n t ,  the l a r g e s t  value 

o f  the incidence angle f o r  separation-free f low f o r  t h roa t  Mach numbers 

o f  0.27 and 0.4 can be achieved a t  the suct ion locat ion,  Ss/Srefs o f  0 

ra the r  than a value of 0.10. 

apply a t  elevated t h r o a t  Mach number and incidence angle. 

For a f i x e d  suct ion power c o e f f i -  

The observations from Figure 13(a) a lso 

SUMMARY OF RESULTS 

The theo re t i ca l  separation bounds and theo re t i ca l  d i f f u s i o n  1 i m i  t 

f o r  a 1.46 contract ion r a t i o  V/STOL engine i n l e t  was determined and 
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compared t o  the experimentally determined values. The theoretical d i f -  

fusion limit for the 1/5 and 1/3 scale model inlets was found t o  l i e  within 

the experimental limit of diffusion ra t io ,  Vmax/vde of 2.4 t o  2.9 obtained 

for the 1/5 scale model inlet. The full-scale inlet can withstand a some- 

w h a t  larger value of the d i f fus ion  r a t io  and maintain separation-free 

flow. Generally the location of the separation p o i n t  for the full-scale 

inlet occurs a t  a larger surface distance from the highlight location 

t h a n  for the scale model inlet. 

number decreases and the free-s tream Mach number increases , the improved 

separation characteristics of the full-scale inlet over the 1/3 scale 

model inlet are diminished. 

However, as the average throa t  Mach 

The application of suction as a boundary-layer control technique was 

The optimum suction location for minimum investigated for ideal suction. 

suction power coefficient and percent suction mass flow occurs when the 

suction starts near the maximum surface velocity and extends f o r  a distance 

of about 15% of the surface distance from the h i g h l i g h t  t o  the diffuser 

exit. 

suction over a suction extent o f  5% t o  10% of the distance from the h igh-  

light t o  the diffuser exit results in lower suction power coefficient 

t h a n  when the same extents are used for suction locations near the high-  

1 i g h t .  

over the 1/3 scale model inlet. 

When the suction location is near the separation point, strong 

The full-scale inlet experienced improved suction parameters 
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APP- flight pth Take On night path 

Figure. 1 .  Representative flight conditions f o r  t i l  t-nacelle VTOL aircraft. 
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Figure 2. Experimental separation data for STOL i n l e t s  (from Ref. 21 ) . 

AREA CONTRACTION RATIO ( D ~ / D J ~  = 1.46 

D/D, = 1 . 1 1 1  L/D = 1 

FULL SCALE De = 152.4 cm 

Figure 3. In le t  geometry. 
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Figure 12. Effect of suction parameters on the local skin friction 
coefficient for 1/3 scale model and full-scale inlets a t  
incidence angle of  70'. free-stream Mach number of 0.18 
and average throat Mach number of 0.27 for suction lo- 
cation of SS/Snf = 0 and suction extentPSs/Sref * 0.15 .  
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Figure 13. Effect of suction locaion and suction extent on suction 
power coefficient, mean suction velocity and percent 
suction mass flow for 1/3 scale model and full-scale 
inlets a t  incidence angle of  70'. free-stream Mach 
number of 0.18 and average throat Mach number of 0.27. 
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(a) Free-stream Mach number, 0.18. 
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Figure 14. Variation of incidence angle with suction power coefficient 
for 1 / 3  scale model and full-scale inlets for suction 
location, SS/Sref, of 0.15,  suction extent,AS /Sref ,  of 
0.1 and 0.2. 9 - 0.27. Mo = 0.12 and 0.18. 
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